Compstatin, a 13-mer cyclic peptide, is a novel and promising inhibitor of the activation of the complement system. In our search for a more active analog and better understanding of structure-functions relations, we designed a phage-displayed random peptide library based on previous knowledge of structure activity relations, in which seven amino acids deemed necessary for structure and activity were kept fixed while the remaining six were optimized. Screening of this library against C3 identified four binding clones. Synthetic peptides corresponding to these clones revealed one analog, called acetylated Ile 1 Leu/His 9 Trp/Thr 13 Gly triple replacement analog of compstatin corresponding to clone 640 (Ac-I1L/H9W/T13G), which was more active than compstatin. This newly identified peptide had 4-fold higher activity when compared with the originally isolated form of compstatin and 1.6-fold higher activity when compared with acetylated compstatin (Ac-compstatin). The structures of Ac-I1L/H9W/T13G and Ac-compstatin were studied by nuclear magnetic resonance, compared with the structure of compstatin, and found to be very similar. The binding of Ac-I1L/H9W/T13G and the equally active acetylated analog with His 9 Ala replacement (Ac-H9A) to C3 was evaluated by surface plasmon resonance, which suggested similarity in their binding mechanism but difference when compared with Accompstatin. Compensatory effects of flexibility outside the ␤-turn and tryptophan ring stacking may be responsible for the measured activity increase in Ac-I1L/H9W/T13G and acetylated analog with His 9 Ala replacement and the variability in binding mechanism compared with Ac-compstatin. These data demonstrate that tryptophan is a key amino acid for activity. Finally, the significance of the N-terminal acetylation was examined and it was found that the hydrophobic cluster at the linked termini of compstatin is essential for binding to C3 and for activity.
-NH 2 ) cyclized through a disulfide bridge, is an inhibitor of the activation of the complement system and was initially isolated from a phage-displayed random peptide library screened against C3b (1) . Compstatin binds to native C3 and inhibits its cleavage by the C3 convertases of the classical, lectin, and alternative pathways in a manner that is not due to sterical hindrance (1) .
Compstatin has been successfully tested in a model of hyperacute rejection in discordant kidney xenotransplantation (2) and in models of extracorporeal circulation (3) . In the xenotransplantation model, compstatin significantly prolonged the survival of the kidneys (2) , whereas in the models of extracorporeal circulation it inhibited the generation of C3a and sC5b-9 and activation of polymorphonuclear leukocytes (3) . The efficacy of compstatin has also been evaluated in an in vivo model of complement activation in baboons (4) . In this model, compstatin completely inhibited complement activation and exhibited no toxic effects in all doses tested, suggesting that it may be both a safe and effective complement inhibitor.
All of these studies have rendered compstatin one of the most interesting inhibitors of the activation of complement system. Moreover, its small size adds further value to this inhibitor in that it can serve as a prototype for an orally administered drug (5) (6) (7) .
The interaction between C3 and compstatin has been the focus of our attention. In recent studies in our laboratory, we have used surface plasmon resonance technology to analyze the nature of this interaction (8) . These studies have shown that, although the binding of compstatin to C3b and C3c is a simple interaction that follows the 1:1 Langmuir model, this is not the case for the binding of compstatin to C3 and C3H 2 O, where the interaction seems to be more complex, consisting of more than one phase. In addition, the same studies have shown that compstatin is able to bind to C3 and its fragments C3b and C3c only when it is immobilized on the sensor chip via its C terminus, underlining the importance of the accessibility of the peptide N terminus. Participation of the N terminus in binding was further supported by the fact that upon Nacetylating, the inhibitory activity of compstatin was increased by 3-fold (8, 9) . We have previously determined the structure of a major conformer of compstatin in solution using nuclear magnetic resonance (NMR) 3 spectroscopy (10, 11) . Compstatin forms a type I ␤-turn in the region Gln 5 -Asp 6 -Trp 7 -Gly 8 . In addition, compstatin possesses a hydrophobic cluster at the opposite side of the ␤-turn involving residues at the linked termini Ile 1 -Cys 2 -Val 3 -Val 4 -Cys 12 -Thr 13 . An Ala scan indicated that the amino acids Cys 2 , Val 3 , and Cys 12 of the hydrophobic cluster and the amino acids of the ␤-turn are essential for the activity of compstatin in vitro (8, 10) . Studies of the inhibitory activity of a linear compstatin analog, where Cys 2 and Cys 12 were reduced and alkylated, or analogs with reduced length between the two cysteines resulted in inactive peptides (8, 10) . Additional NMR and inhibitory activity studies of seven compstatin analogs designed to enhance or disrupt structure and/or function were used as an aid to determine which structural elements are important for the structural stability and inhibitory activity of compstatin (12) . Based on these studies, we proposed that the four residues of the ␤-turn and the disulfide bridge between Cys 2 -Cys 12 are essential for both structural stability and inhibitory activity of compstatin. We also proposed that three of six residues of the hydrophobic cluster are essential for inhibitory activity of compstatin, with residues Cys 2 , Cys 12 , and Val 3 being indispensable for inhibition (8, 10, 12) . The aim of the present study is to understand the structurefunction relations of compstatin and to optimize the amino acids outside the disulfide bridge, Val 3 , and ␤-turn that contribute to the inhibitory activity of compstatin. Based on the above structureactivity correlations, we designed a random phage-displayed peptide library of the type Xaa 1 13 , in which the six amino acids marked with Xaa were randomized and the remaining seven amino acids were kept constant. This library was screened against C3, and the clones that bound C3 were further analyzed and characterized. This analysis led to the identification of an acetylated synthetic peptide analog of compstatin named acetylated Ile 1 Leu/ His 9 Trp/Thr 13 Gly triple replacement analog of compstatin corresponding to clone 640 (Ac-I1L/H9W/T13G) that is 1.6 times more active than acetylated compstatin (Ac-compstatin) when tested in a complement-mediated hemolytic assay. The Ac-I1L/H9W/T13G peptide is four times more active than the originally isolated form of compstatin (1, 8) . The molar ratio of C3 to peptide at which the new analog inhibited 50% of hemolytic activity was 1:6. The structure of Ac-I1L/H9W/T13G was studied by two-dimensional (2D) NMR and was compared for consistency with the structure of parent peptides compstatin and Ac-compstatin. The spectra of Accompstatin will be presented here for first time. To gain insight into the binding mechanism, the binding of Ac-I1L/H9W/T13G to C3 was examined using surface plasmon resonance and was compared with the binding of Ac-compstatin and acetylated analog with His 9 Ala replacement (Ac-H9A) to C3. Ac-H9A is an equally active compstatin analog to Ac-I1L/H9W/T13G, and both of them are the most active compstatin analogs found to date. Finally, the role played by the charge at the N terminus in the binding of compstatin to C3 was investigated.
Materials and Methods

Purified proteins
Human C3 was purified from serum as previously described (13) . Native C3 was separated from C3 (H 2 O) using a Mono S column (Pharmacia, Piscataway, NJ) as described elsewhere (14) .
Construction of the phage-displayed random peptide library
The construction of the phage peptide library was done as described elsewhere (15) , with the difference that the library was plated without amplification. Each plaque formed was amplified in Escherichia coli DH5aFЈ (Life Technologies, Rockville, MD) as described (16) , and the supernatants were tested for binding to C3. The combinatorial gene sequences displayed at the N terminus of the M13 pIII gene were of the form NNS TGC GTG NNS CAG GAC TGG GGC (NNS) 3 TGC NNS, where N represents all four nucleotides (A, C, G, and T) in an equal molar ratio, and S represents an equal molar ratio of C, G, and T. The encoded amino acid scheme was Xaa 
Selection of positive clones
Microtiter wells (Nunc, Naperville, IL) were coated with 50 l of 10 g/ml C3 in PBS for 2 h. The wells were then blocked with 1% nonfat milk in PBS for 1 h, and dilutions of phages' supernatants (1:4 in blocking solution) were added. In parallel, equal titers of phage were added to microtiter wells coated with blocking solution and served as negative controls. The wells were incubated for 1 h and then were washed twice with 200 l of PBS containing 0.05% Tween 20 (PBS-T). Fifty microliters of 1/1000 anti-M13 mAb conjugated to HRP (Pharmacia) were added to each well and incubated for 40 min. After three washes with 200 l of PBS-T, the binding was detected with addition of the HRP substrate (0.05% ABTS in 0.1 M sodium citrate (pH 4.2)). The plates were read at 405 nm. All steps were performed at ambient temperature.
Phage sequencing
Individual plaques (clones) were amplified in E. coli, and the dsDNAwas purified (Wizard Plus Miniprep DNA purification system; Promega, Madison, WI) and sequenced by automated cycle sequencing (ABI 377 or 373A stretch sequencers; Applied Biosystems, Foster City, CA) using Taq FS dye terminator (Applied Biosystems) or dye primer chemistry. An oligonucleotide primer with the sequence 5Ј-AGC GTA ACG ATC TAA A-3Ј was used to determine the nucleotide sequence of the unique region of the M13 phage.
Peptide synthesis purification and characterization
Compstatin and its analogs were synthesized in an Applied Biosystems peptide synthesizer (model 431A) using F-moc amide resin (4-(2Ј,4Ј-dimethoxyphenyl-F-moc-aminomethyl)-phenoxy resin). The side chain protecting groups were Cys (Acm), Asp (otBu), Arg (Pmc), Thr (tBu), Gln (Trt), Trp (Boc), and His (Trt). All peptides were cleaved from the resin by incubation for 3 h at 22°C with a solvent mixture containing 5% phenol, 5% water, 2.5% triisoproposilane, and 87.5% trifluoroacetic acid (TFA). The reaction mixture was filtered though a fritted funnel, precipitated with cold ether, dissolved in 50% acetonitrile containing 0.1% TFA, and lyophilized. The crude peptides obtained after cleavage were dissolved in 10% acetonitrile containing 0.1% TFA and were purified using a C-18 reversedphase column (Waters, Milford, MA). Cyclization of the cyclic peptides was performed on resin using 1.5 M excess of thalium(III) trifluoracetate in dimethylformamide. N-acetylation of all peptides was achieved by treating them with a solution of 0.5 M acetic anhydride, 0.125 M diisopropylethylamine, and 0.015 M 1-hydroxy-benzotrazide for 5 min (Applied Biosystems). The purity and identity of the peptides were critically monitored by analytical chromatography on a reversed-phase C-18 column and by laser desorption mass spectrometry (17) . Formation of disulfide bond in each peptide was confirmed by mass spectrometry using a mass shift assay that involves reactions of thiols with p-hydroxy mercuric benzoic acid (18) .
Inhibition of compstatin-phage binding to C3 by compstatin and its analogs
Microtiter wells (Nunc) were coated with 50 l of 10 g/ml C3 in PBS for 2 h. The wells were then blocked with 1% nonfat milk in PBS for 1 h, and 25 l of different concentrations of Ac-compstatin (peptide) and its analogs were added and incubated for 20 min. Twenty-five microliters of compstatin-phage solution (5 ϫ 10 7 PFU) were added directly to each well and they were further incubated for 30 min. After two washes with 200 l of PBS-T, 50 l of 1/1000 diluted anti-M13 mAb conjugated to HRP was added to each well. After 40-min incubation, the wells were washed three times with 200 l of PBS-T, and the binding was detected by addition of the HRP substrate (0.05% ABTS in 0.1 M sodium citrate (pH 4.2)). The plates were read at 405 nm. The assay was performed at room temperature. The percentage of binding obtained was normalized by considering 100% binding to be equal to the binding occurring in the absence of the peptide. The concentration of the peptide causing 50% inhibition of the compstatinphage binding to C3 was taken as IC 50 .
Complement-mediated hemolytic assay
Inhibition of complement activity by compstatin and its analogs was evaluated by measuring their effect on the activation of the alternative pathway of complement. Inhibition of the complement alternative pathway was determined by measuring the lysis of rabbit erythrocytes (Er) by normal human serum (NHS) as previously described (19) . Various concentrations of peptides were mixed with 8 l of NHS, 5 l of 0.1 M Mg 2ϩ EGTA, and 10 l of Er (10 9 cells/ml), and the final volume was adjusted to 100 l with gelatin veronal buffer (GVB). The reaction mixture was incubated at 37°C and stopped by adding 200 l of GVB with 10 mM EDTA. After centrifugation, the lysis of Er was determined by reading absorbance at 405 nm. The percentage of lysis obtained was normalized by considering 100% lysis to be equal to the lysis occurring in the absence of the peptide. The concentration of the peptide causing 50% inhibition of hemolytic activity was taken as IC 50 . All of the peptides tested were blocked by acetyl and NH 2 groups at the N and C termini, respectively.
NMR studies of Ac-I1L/H9W/T13G and Ac-compstatin
The NMR samples were prepared in 90% H 2 O-10% D 2 O buffer containing 50 mM potassium phosphate and 100 mM potassium chloride. The pH of the samples was ϳ6.5 and their concentration was ϳ5 mM. In the case of the Ac-I1L/H9W/T3G sample, some precipitation appeared in the NMR tube.
NMR spectra were collected using a DMX 500-MHz spectrometer (Bruker, Billerica, MA) at 5°C. Two-dimensional total correlation spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) spectra were collected using standard pulse sequences (20) and references therein and the 3-9-19 pulse sequence with gradients for water suppression (21) . The TOCSY mixing time was 60 ms, and the NOE mixing time was 150 ms and 500 ms for Ac-compstatin and Ac-I1L/H9W/T3G analog, respectively.
Spectral processing was performed using matNMR, which is a toolbox for processing NMR/EPR data (http://www.nmr.ethz.ch/matnmr; written by J. van Beek) under MATLAB (The Mathworks, Natick, MA). Apodization was performed using Gaussian or cosine squared window functions. The solvent was deconvoluted from the spectra using the time domain convolution method of Marion et al. (22) with a sine bell function.
Surface plasmon resonance studies
The binding of Ac-compstatin and its analogs to native C3 was examined on surface plasmon resonance-based biosensors Biacore-X and Biacore 3000 (Biacore, Piscataway, NJ) using streptavidin chips (sensor chip SA; Biacore). The binding experiments were performed at room temperature and the running buffer used was PBS supplemented with 0.05% Tween 20 to reduce nonspecific binding. We synthesized biotinylated analogs of the peptides that were immobilized on the sensor chips in an oriented fashion. This assured the homogeneity of the surface. In the Biacore-X model, the control peptide (the linear analog of compstatin Ac-IAVVQDWGHHRAT AGHMANLTSHASAK-biotin) was immobilized on flow cell-1, and one of the target peptides (Ac-compstatin, Ac-ICVVQDWGHHRCTAGH MANLTSHASAK-biotin; Ac-H9A, Ac-ICVVQDWGAHRCTAGHMAN LTSHASAK-biotin; or Ac-I1L/H9W/T13G, Ac-LCVVQDWGWHRC GAGHMANLTSHASAK-biotin) was immobilized on flow cell-2. The C terminus tag was designed based on the sequence of the original compstatin clone (1). When Biacore-3000 was used, the linear peptide was immobilized on flow cell-1, and Ac-compstatin, Ac-H9A, and Ac-I1L/H9W/T13G were immobilized on flow cells 2, 3, and 4, respectively. The binding of native C3 to the peptides was measured at a flow of 30 l/min; the association and the dissociation phases were 120 s each. Regeneration was achieved by injecting 1-to 2-s pulses of 0.2 M sodium carbonate (pH 9.5).
N-terminal residue and biotransformation studies
To assess whether the increased activity of Ac-compstatin over compstatin was due to the protection of the first amino acid (Ile) against proteolytic cleavage or to the neutralization of the positive charge of the free N terminus of the peptide, we performed the following experiment. Various concentrations of peptides were mixed with 8 l of NHS, 5 l of 0.1 M Mg 2ϩ EGTA, and 10 l of Er (10 9 cells/ml), and the final volume was adjusted to 100 l with GVB. The reaction mixture was incubated at 37°C for 30 min, and the reaction was stopped by addition of 200 l of GVB with 10 mM EDTA. After centrifugation, the supernatants were mixed with equal volume of 0.1% TFA in H 2 O and were centrifuged through 5K cutoff filters. The filtrates containing the free peptides and their bioproducts were analyzed by analytical chromatography on a reversed-phase C-18 column.
Results
Screening of phage-displayed library
We constructed a 13-mer library with the scheme Xaa 13 to investigate and optimize the structural elements that contribute to the activity and structural stability of compstatin, besides the ␤-turn and disulfide bridge-forming amino acids and Val 3 of the hydrophobic cluster. In this study, the constructed library was directly plated on Luria-Bertani plates without amplification so that each plaque would represent a different clone. Individual plaques were then amplified in E. coli, and the supernatants were tested for binding to native C3 using ELISA. A total of 800 clones were screened from this library. To ensure the specific binding, only the clones giving absorbance at 405 nm Ͼ0.6 were considered positive ( Table  I ). The C3-binding clones show preservation of the hydrophobic character of the linked termini, segment of residues 1-4 and 12-13, and preference for predominantly polar character at the segment of residues 9 -11 (Table I) . We also sequenced seven randomly selected clones that exhibited no binding to C3 (Table II) . The amino acid sequence of these clones shows the presence of proline(s) inside the ring. It is possible that the presence of proline residue results in alteration of the structure of compstatin, which could have an impact on its binding to C3.
Evaluation of the selected clones
Supernatants of the positive clones were plated and the number of plaque forming units in each phage stock was determined. The appropriate dilutions were made, so that each solution would contain 10 8 PFU/l. The solutions were then examined for their ability to bind C3 using ELISA. The binding curves for each clone ( Fig.  1) showed that the phages do not bind to the same extent to C3. As shown, clone 640 bound with the highest potency, whereas clone 8 bound moderately to C3. Although the remaining two clones clearly bound to C3, the potency of their binding was low. This different degree of binding potency could be due to 1) the different affinity of each expressed peptide to C3, 2) the different degree of proteolytic susceptibility of each phage-displayed peptide during the amplification step in E. coli, or 3) the heterogeneity of the mixtures. M13 expresses three to five copies of protein III (and consequently of the expressed peptide), and phages with a higher number of copies on their surface will bind tighter to the protein target due to avidity effect.
To examine the above-mentioned possibilities, we chemically synthesized peptides corresponding to the amino acid sequence of the phage-displayed peptides of clones 640, 8, 733, and 774 and of Ac-compstatin (all with acetylated N terminus and C terminus blocked by the NH 2 group). We measured the inhibition of phagebound compstatin (compstatin-phage) binding against C3 by these five peptides using ELISA (Table III) .
As shown in Table III , the ability of the peptides to inhibit the binding of compstatin-phage to C3 differed. These results show that the peptide Ac-I1L/H9W/T13G, which resulted from clone 640, inhibits the compstatin-phage binding to C3 to the same degree as does Ac-compstatin. Interestingly, the peptide that resulted from clone 8 seems to be Ͼ23 times less active than compstatin in this experimental setting. This peptide in the direct binding assay (in the form of phage) bound to almost the same extent as did compstatin (Fig. 1) . These data suggest that clone 8 in its multivalent form (phage, where three to five copies of the peptide are expressed) binds with higher affinity to C3 than when in its monovalent form (peptide), which implies that it could have a propensity for oligomerization when copies of this peptide are in close proximity (as is the case when this peptide is expressed on the phage).
The pattern of the inhibitory activities of the peptides resulting from clones 733 and 774 is in agreement with the data obtained from their direct binding to C3 (Table III and Fig. 1 ).
In vitro inhibition of the activation of alternative pathway of complement
The inhibitory activity of the peptides was further examined using the standard hemolytic assay for the inhibition of the activation of the alternative pathway of the complement system. The pattern shown here (Table IV) agrees in general with the pattern of the activities of the synthetic peptides measured during the inhibition of compstatin-phage binding to C3 (Table III) . All of the peptides were tested multiple times (n Ն 7) and were able to inhibit complement activation. Interestingly, the activity of the peptide Ac-I1L/H9W/T13G (IC 50 ϭ 2.9) was 1.6 times more active than compstatin (IC 50 ϭ 4.5). The most significant sequence difference of the peptide Ac-I1L/H9W/T13G from compstatin is the amino acid in position 9 (His 9 Trp). Our previous studies have shown that replacement of the same residue by alanine (in the analog Ac-H9A) also resulted in a 1.6-fold increase in activity. The two additional differences, outside the cyclic ring, of the Ac-I1L/H9W/ T13G analog compare with Ac-compstatin (Ile 1 Leu and Thr 13 Gly), because Ile is equally hydrophobic to Leu and Thr is more hydrophobic than the neutral Gly. However, a small contribution to activity and possible small compensatory effects may be present due to the replacements at the termini.
NMR studies
We performed homonuclear 2D NMR studies to test the consistency of the structures of Ac-compstatin and acetylated synthetic peptide corresponding to clone 640 (Ac-I1L/H9W/T13G) with the structure of parent peptide compstatin. Fig. 2 shows the side chain proton (in ␦ 1 ) backbone amide and the aromatic proton (in ␦ 2 ) region of the 2D TOCSY spectrum of Ac-I1L/H9W/T13G, where all 13 residues are identified and proton resonances are assigned. Fig. 3 shows different portions of the 2D NOESY spectrum, which have been used to identify the structure of Ac-I1L/H9W/ T13G. A ␤-turn consists of four residues that provide reversion of the backbone direction, where backbone protons of residues 2-4 show characteristic NOEs of variable intensities depending on spa- (23, 24) . Because small peptides in solution form ensembles of interconverting conformers, the observed NMR parameters are averaged. In favorable cases, a ␤-turn conformation forms a significant population that can be observed by NMR. In such cases, it is meaningful to compare the relative intensities of the aforementioned NOEs, where NOEs of the same type suffer similar averaging, rather than absolute intensities. (Fig. 3A, arrow) (Fig.  3A) , which are characteristic of a ␤-turn but also of extended structures. Fig. 3B ( Fig. 4) , which was invisible in nonacetylated compstatin (unblocked Ile 1 ) due to fast exchange with the solvent (10). The TOCSY spectrum is very similar to that of nonacetylated compstatin (10) (10) (Fig. 5A, arrow) . Fig. 5B shows the backbone amide proton (in both ␦ 1 and ␦ 2 ) region of the 2D NOESY spectrum of Ac-compstatin, which depicts equal-intensity NOEs between the amides of Asp 6 -Trp 7 and Trp 7 -Gly 8 . These NOEs are characteristic of the presence of a type I ␤-turn.
Ac-I1L/H9W/T13G compstatin analog
Ac-compstatin
Interaction between native C3 and Ac-compstatin or its analogs using the surface plasmon resonance technology
In a previous study, we showed that the nature of the interaction between Ac-compstatin and C3 did not follow the simple 1:1 Langmuir model (8) . However, the concentrations of the analyte used were below or near the observed K D (130 nM). In the present study, we repeated surface plasmon resonance measurements using analyte concentrations lower and higher than the previously observed K D (62.5-2000 nM). In addition, we examined the nature of the interaction between the Ac-I1L/H9W/T13G and Ac-H9A with C3.
We synthesized analogs of Ac-compstatin, Ac-I1L/H9W/T13G, and Ac-H9A containing an extra spacer sequence of 14 amino acids at the C terminus end. This sequence, Ala-Gly-His-Met-AlaAsn-Leu-Thr-Ser-His-Ala-Ser-Ala-Lys, was derived from the original phage-clone of compstatin (1) . We decided to add the extra spacer sequence to increase the accessibility of native C3 to the 13 amino acids constituting Ac-compstatin, Ac-H9A, and Ac-I1L/H9W/T13G. The peptides were biotinylated at the C terminus and were immobilized on streptavidin chips. In a previous study we showed that only when the peptide is immobilized through the C terminus is it able to bind native C3 (8), a fact that underlines the importance of the accessibility of the N terminus region of compstatin and its analogs for their binding to C3. In addition, the biotinylated 27-mer peptide (ICVVQDWGHHRCTAGHMANLT SHASAK-biotin) exhibits the same activity as compstatin in the presence or absence of avidin (data not shown). The C3 used for this analysis was freshly prepared and was Ͼ90% pure. To ensure the removal of C3(H 2 O) from the preparation, we further purified the analyte sample using a mono-S column (Pharmacia). In this way, we were able to preserve a homogeneous surface along with a homogeneous analyte sample, thus minimizing any artifacts that would interfere with our study. The homogeneity of the surface and the analyte sample is critical when Biacore analysis is used, given that heterogeneity can give false kinetic profiles. The profiles of the surface plasmon resonance measurements for the binding of Ac-compstatin and its analogs to native C3, shown in Fig. 6 , were reproducible in Biacore-X and Biacore-3000 in multiple experiments. None of the sensograms fit the simple 1:1 Langmuir model when analyzed with BIAevaluation 3.0 software (25) . We examined the data of the association phase by linear transformation analysis (8) .
As shown in Fig. 7 , none of the linear transformation plots yielded a straight line, suggesting that all of these interactions follow more complex models. In addition, a closer look at the profiles of the linear plots for Ac-compstatin-C3 binding showed that in low concentrations of analyte (62.5-250 nM) there was clearly an interaction that is composed of more than one step (Fig. 7A) . However, in higher concentrations (500 -2000 nM) it was not as profound (Fig. 7B) . These kinds of plots could be characteristic of bivalent binding (i.e., following the traditional A ϩ 2B 7 AB 2 mechanism or there could exist two sites of interaction in either of the reactants). This is different from an earlier indication that binding of compstatin is biphasic (8) . Given the current limitations of surface plasmon resonance methods, it is not possible to provide a precise binding mechanism. However, our current and previous data clearly show that the interaction between Ac-compstatin and C3 is more complex than a 1:1 relation.
Finally, this pattern was not observed for the interaction between Ac-H9A or Ac-I1L/H9W/T13G and C3 (Fig. 7, C and D) . For these peptides, the linear transformation plots were similar in all of the concentrations of C3 used. Despite this, the association data of the sensogram for Ac-H9A or Ac-I1L/H9W/T13G (Fig. 6 , B and C) did not fit the 1:1 Langmuir model when analyzed with a Sequence differences that have resulted in altered inhibitory activity increase when compared with the parent peptide compstatin are bold for acetylation and are bold and underlined for specific amino acid replacements.
b Inhibition of complement-mediated Er lysis experiment. c Parent peptide compstatin (1, 10) . d Second generation parent peptide Ac-compstatin (8) .
e Previously rationally designed with improved activity compared with parent peptide Ac-compstatin (12) .
f Designed with the new phage-displayed library described in this work and equally active as the Ac-H9A analog.
BIAevaluation 3.0 software. This suggests that both peptides interact with C3 with a more complex mechanism that differs from the one that characterizes the Ac-compstatin-C3 interaction.
Contribution of the N-terminal amino acid to the activity of compstatin
In previous studies it was shown that acetylation of the N-terminal amino acid of compstatin resulted in an approximately 3-fold increase in its activity, as shown by inhibition of the complement pathway activation in vitro (8, 9) . We then hypothesized that this was due to the protection of the N-terminal amino acid against proteolytic cleavage by serum proteases (8) . This was supported by our data showing that the N terminus of the nonacetylated peptide was proteolytically cleaved when incubated in whole human serum, whereas the acetylated peptide was not cleaved. However, the conditions under which the stability of the peptides was examined were different from the ones used to evaluate their activities. The stability of the peptides was examined in whole serum over a long period of time, whereas their activity was assessed using the classic experiment of inhibition of complement activation in which diluted serum is used and the incubation lasts for 25 min.
In the present study, different concentrations of compstatin with or without N-terminal acetylation were incubated with diluted serum and Er in the presence of Mg 2ϩ EGTA (conditions under which the alternative pathway is conducted). The mixtures after a 25-min incubation at 37°C were spun through 5K filters, and the bioproducts of the peptides were analyzed using reversed-phase column chromatography. The area of the peaks of the uncleaved peptide was calculated and is shown in Fig. 8 ; the quantities of the uncleaved compstatin and its acetylated analog, after the end of the incubation, were comparable. We assigned as 100% the amount of Ac-compstatin that remained uncleaved after the lysis experiment. The amount of compstatin that remained stable throughout the lysis experiment was 95% of that of its acetylated form. However, this small difference in the stability cannot account for the approximately 3-fold difference in their activity. This observation is indicative that the increase of the activity was not due to the protection of the N terminus against proteolytic cleavage. In a follow-up structural study of several compstatin analogs, we proposed that acetylation at the N terminus resulted in removal of the positive charge of the amide of amino acid 1. This charge elimination resulted in enhancement of the hydrophobic clustering at the termini, which is necessary for binding to C3 (12) .
In our attempt to further test the charge elimination hypothesis, we performed two additional control experiments that reintroduced charge. We prepared acetylated compstatin analogs with side chain, instead of backbone, charge at position 1. We examined the activity of these analogs by measuring the inhibition of the activation of the alternative pathway of the complement system. In one of them, Ac-I1R, in which Ile 1 was replaced by positively charged Arg that imitates the positive charge of the amino terminus of the unblocked peptide, the inhibitory activity was reduced by 2-fold. Because this analog is acetylated, the decrease in activity is attributed to the positive charge of the Arg side chain that disrupts the hydrophobic cluster at the termini. This is in agreement with the approximately 3-fold increase of activity in the opposite design, where the N-terminal amino acid Ile was neutralized by acetylation (Table IV) . The small activity difference in the two designs may reflect the spatial position of the positive charge at the N terminus or the side chain of Arg. In the other analog, Ac-I1D, in which the negatively charged Asp replaced Ile 1 , the inhibitory activity was further reduced by 5-fold (Table IV) . Because this analog is acetylated, the additional decrease in activity is attributed to the presence of the negative charge of the Asp side chain, which is less favored than the positive charge and much less favored than a hydrophobic residue. These data are consistent with our current hypothesis that elimination of charge and not elimination of cleavage is the cause of the higher activity of acetylated compstatin compared with nonacetylated compstatin (12). 
Discussion
The complement system is the first line of defense against foreign pathogens. However, excessive activation and failure in the intrinsic regulation of the complement system during surgical procedures or pathological situations results in tissue injury, which underlines the importance of development of effective complement inhibitors. Currently none is available in the clinic. Compstatin is a 13-mer peptide discovered in our laboratory that inhibits complement activation in vitro (1) and in vivo (4) through binding to the central component of the system, C3. Compstatin's proven efficacy and its small size are incontrovertible advantages that render it one of the most promising inhibitors of the activation of the complement system.
Compstatin forms a type I ␤-turn in the region Gln 5 -Asp 6 -Trp 7 -Gly 8 (10) . In addition, compstatin possesses a hydrophobic cluster at the opposite side of the ␤-turn involving residues around the linked termini Ile 1 -Cys 2 -Val 3 -Val 4 -Cys 12 -Thr 13 . We have previously proposed that the four residues of the ␤-turn and the disulfide bridge between Cys 2 -Cys 12 are necessary for both structural stability and inhibitory activity of compstatin. Indeed, the ␤-turn provides change in the direction of the structure and sufficient separation of the two sides of compstatin, whereas the disulfide bridge prevents them for drifting apart. It is known that ␤-turns provide structural stability and facilitate the molecular interaction through the clustering of the side chains. We have also proposed that three of six residues of the hydrophobic cluster (Cys 2 13 ) are essential for inhibitory activity of compstatin. This current hypothesis is based on activity and structural studies of a large number of single, double, and triple replacement analogs (8, 10, 12) . The present study was undertaken with the aim to further understand the structure-function relation of compstatin and to design a better (more active) compstatin analog, using as a basis the wealth of our previous structural and activity data. To evaluate the contribution of the structural elements other than the ␤-turn and hydrophobic cluster forming amino acids to compstatin's activity, we constructed a phage-display random peptide library with the scheme Xaa 13 . The screening of the library produced four positive clones (Table I) . These peptides share the overall sequence characteristics of compstatin and previously determined active analogs of compstatin. Specifically, the hydrophobic character of the termini and the predominantly polar character of the ␤-turn containing segment 5-11 are preserved. The hydrophobic cluster of Ac-compstatin consists of the set of amino acids Ile, Val, Cys, and Thr, and the corresponding region of the most active phage analog, Ac-I1L/H9W/ T13G, consists of Leu, Val, Cys, and Gly. Given that Thr is partially hydrophobic (because of the existence of a methyl group) and partially polar (because of the existence of a hydroxyl group) and Gly is a neutral group, the composition of the hydrophobic cluster may be only slightly different in the two peptides. The polar region of Ac-compstatin and Ac-I1L/H9W/T13G consists of the same set of amino acids (Gln, Asp, Trp, Gly, His, and Arg), with the difference that His occurs twice in Ac-compstatin, whereas Trp occurs twice in Ac-I1L/H9W/T13G.
We also sequenced seven negative clones (Table II) . All of the negative clones preferentially have a Pro between the Cys 2 and Cys 12 . Because these were inactive clones, we did not perform NMR studies to determine their structure. The fact that all of the peptides produced by the screening of the phage library that contained the fixed amino acids without the presence of Pro inside the ring bound to C3 suggests that Pro may be destabilizing the structure of these peptides. Furthermore, our previous data suggest that the fixed components of our library (Val 3 ; the disulfide bridge Cys 2 , 12 ; and the ␤-turn forming amino acids Gln 5 , Asp 6 , Trp 7 , and Gly 8 ) are the vital components of compstatin for its binding to C3. Therefore, we believe that if these amino acids are fixed, only major disruptions of its structure (such as the presence of proline) could negatively influence the binding capacity of the peptide to C3.
Indeed, in a previous study of ours, an analog that included a Pro instead of an Asp at position 6, in addition to Gln 5 Gly and Trp 7 Phe substitutions, was both inactive and structurally distorted compared with compstatin (12) . However, there is the possibility that there are other clones that do not contain proline and exhibit no binding to C3. The experimental complexity of phage libraries does not always correspond to the theoretical number of expected peptides, and as a result certain amino acids (proline in our case) are favored over others due to biological selection during the phage formation. This could explain why the presence of proline is preferential in the nonbinding clones.
It is clear that the physicochemical nature of the nonfixed amino acids (positions 1, 4, 9 -11, and 13) has an effect on the activity of the peptide. As shown in Table I , all of the peptides that were selected from the screening of the phage library contain the ␤-turn -forming amino acids and hydrophobic amino acids at the termini, but their activities vary (Table IV) . This can only be attributed to the six remaining amino acids (positions 1, 4, 9 -11, and 13) and their effects on structure and binding to C3.
The peptide that is derived from the sequence of clone 640, Ac-I1L/H9W/T13G (Tables I and IV) , was the only peptide produced by the phage library screening that was more active than compstatin (by 4-fold) and Ac-compstatin (by 1.6-fold) during in vitro inhibition of the activation of an alternative pathway of the complement system. The most evident difference between the Ac-I1L/H9W/T13G and Ac-compstatin is the presence of Trp in position 9 instead of His. The importance of the amino acid at position 9 has also been demonstrated previously, when substitution of His 9 by Ala (Ac-H9A) resulted in an increase in inhibitory activity by 1.6-fold (12) . The substitutions in positions 1 and 13 in the Ac-I1L/H9W/T13G could also play a minor role in modulating the activity of this analog. It is possible that replacing the dual character amino acid Thr with Gly slightly affects the hydrophobicity of the cluster.
The consistency of the structures of Ac-compstatin and Ac-I1L/ H9W/T13G with the structure of compstatin was examined using NMR analysis. The NMR spectra of Ac-compstatin have been presented here for the first time. The spectra show that acetylation and replacement of His 9 with Trp did not have an effect on the structural stability of the type I ␤-turn, which remained intact spanning residues Gln 5 -Asp 6 -Trp 7 -Gly 8 as in parent peptide compstatin. Some structural changes at the termini because of acetylation and Ile 1 Leu and Thr 13 Gly replacements may be present. Comparison of the Ac-I1L/H9W/T13G and Ac-H9A analogs that have the same inhibitory activity (Table IV) , suggests that small compensatory effects in inhibitory activity, due to the differences of Ile/Leu at position 1, Trp/Ala at position 9, and Thr/ Gly at position 13, are present. It is not clear why the bulky Trp at position 9 compares about equally in terms of activity with the small Ala. However, there may be some similarity. Ala has hydrophobic character (because of the methyl group) and polar character, in that it can be found at the interior and the surface of proteins (because of lack of methylene or an additional methyl group). Trp is partially polar (because of the indole amide group) and partially hydrophobic (because of the aromatic ring).
Our current data suggest that the side chains of some of the fixed amino acids play the major role in the interaction of compstatin with C3. A key residue of the ␤-turn is Trp 7 . It is noteworthy that our previous study showed that replacement of Tpr7 by Phe resulted in a complete loss of the activity (12) . Nevertheless, this analog had preserved the structure of the parent peptide.
We further compared compstatin, Ac-I1L/H9W/T13G, and Ac-H9A for binding to C3 using Biacore technology. This part of the study shows that Ac-compstatin and the analog peptides interact with C3 after a more complex mechanism than one-to-one interaction. Interestingly, as shown by the linear transformation plots (dR/dt vs R), when low concentrations of C3 (62.5-250 nM) were used, the interaction between Ac-compstatin and C3 followed a mechanism that consists of more than one component (Fig. 7A) . Specifically, the dR/dt vs plot is not linear (which would imply 1:1 interaction), rather it is composed of at least two components, thus suggesting that a more than one-step interaction takes place. This is in agreement with previous studies of our laboratory in which we showed that Ac-compstatin interacts with C3 in a manner that is more complex than one-to-one binding (8) . In the present study, in which we used high concentrations of analyte (500 -2000 nM), we could not observe the same profiles (Fig. 7B) . This pattern was not observed for the interaction of Ac-H9A or Ac-I1L/H9W/T13G with C3 when the same range of concentration was used. The linear transformation plots for these peptides were very similar (Fig. 7, C and D) at all concentrations used. Given that the analyte was the same in all cases (native C3), we concluded that the difference in the kinetic profiles of Ac-compstatin and Ac-H9A or Ac-I1L/H9W/T13G binding to C3 is due to the differential C3-binding properties of the peptides, because of differences in their amino acid composition.
It has been shown that the peptide Ac-H9A has a more flexible structure outside the ␤-turn when compared with that of Ac-compstatin (12) . The different profiles of the linear transformation plots between Ac-compstatin and Ac-H9A could be attributed to the variability of the structure of the latter peptide. Nevertheless, the Ac-I1L/H9W/T13G analog, despite the fact that it has similar kinetic profiles with Ac-H9A, has a structure that probably lacks flexibility (Figs. 2 and 3 ) and is more similar to the structure of compstatin. We have determined previously that Trp 7 is an indispensable residue for activity (12) . The presence of a second Trp at As mentioned above, a critical element for the interaction between compstatin and C3 is the hydrophobicity of the termini. In previous studies it was shown that acetylation of the N terminus resulted in an approximately 3-fold increase of the activity (8, 9) . We had then hypothesized that this increase was due to the protection of the N terminus by proteolytic cleavage (8) . In a later study, we proposed using structural modeling that the increase of the activity was due to the neutralization through acetylation of the positive charge of the N terminus (12) . The present study shows that this is actually the case. Incubation of the acetylated and nonacetylated form of compstatin in diluted human serum, and in the conditions under which the alternative pathway is conducted, showed that the quantities of the uncleaved peptides at the end of the experiment were almost equal (5% difference; Fig. 8 ). Consequently, the observed increased activity of the N-acetylated analog of compstatin is not due to its higher stability in human serum, but rather to the neutralization of the N-terminal charge and its direct effect on its interaction with C3.
We further tested the argument that elimination of the N-terminal charge by acetylation resulted in enhancement of the hydrophobic cluster, which in turn resulted in enhancement of binding to C3 and enhancement of complement inhibitory activity. We replaced the N terminus by acetylated charged amino acids, Arg and Asp, which introduced the charge at the side chain instead of the backbone. Both replacements resulted in a decrease of the activity. In particular, the decrease in activity due to the Ile 1 Arg replacement (introduction of positive charge) was approximately 2-fold, which compares well with the approximately 3-fold increase of activity in the opposite experiment of introduction of acetylation (removal of N-terminal amide positive charge). Introduction of negative charge with the Ile 1 Asp replacement resulted in a more radical approximately 5-fold decrease in activity.
In conclusion, we have shown how a combination of rational design based on structure-activity relations and experimental combinatorial design based on the construction of a phase-displayed peptide library have aided the further understanding of the structure-function relations of compstatin and the identification of a new generation of active compstatin analogs. One of these new analogs, the Ac-I1L/H9W/T13G, is more active than its parent peptides compstatin and Ac-compstatin. It should be noted that compstatin 1) was initially identified using a phage-displayed peptide library, 2) was subsequently optimized for activity using amino acid deletions, insertions, and replacements, 3) after the three-dimensional structure was determined, was further optimized using structural modeling, and 4) based on the overall knowledge of steps 1-3, had further optimization performed using a new phage-displayed library. We performed structure-binding correlations to gain insight into the binding mechanism of the new analog. The structure of the new analog Ac-I1L/H9W/T13G was compared with the structures of Ac-compstatin, compstatin, and the equally active analog AcH9A using NMR and was found to be very similar. The binding to C3 of Ac-I1L/H9W/T13G and Ac-H9A was examined using surface plasmon resonance. This study suggested similarity in binding mechanism between Ac-I1L/H9W/ T13G and Ac-H9A, but differences in the binding mechanism when compared with Ac-compstatin. Our binding studies in combination with our earlier structure-activity data (12) suggest that Trp 7 is an essential residue for binding and activity. Introduction of a second Trp in the vicinity, Trp 9 , results in stronger binding with altered mechanism and higher activity. Participation of Trp 7 and Trp 9 in binding via dipole-dipole interaction mechanism involving stacked Trp rings is possible, with the added possibility of hydrogen bond formation. Flexibility outside the ␤-turn possibly compensates the Trp pair stacking with end-result similar binding and activity for the analogs Ac-H9A and Ac-I1L/H9W/T13G. Finally, the significance of the hydrophobic cluster at the linked termini of compstatin was scrutinized by disrupting the hydrophobicity with the introduction of side chain charges at the N terminus. Lack of charge at termini is essential for improved binding to C3 and complement inhibition. Overall, our data are in agreement with our previous working hypothesis that the structure of compstatin is essential for activity, with the key elements being the ␤-turn, the hydrophobic cluster, and the presence of Trp 7 (12) . The present findings, along with the previous data, are expected to facilitate the design of other peptides or nonpeptidic analogs of compstatin with improved binding properties and activity.
